A previously developed interacting segment model [ISM-see J. Chern. Phys. 67, 2109] is applied to a full-scale treatment of the electric dipole moments, isotropic and anisotropic polarizabilities, and hyperpolarizabilities of a series of t 2 halogenated methane molecules CXn Y 4-n(X, Y = H,F ,Ct; n = 0-4). The ISM scheme enables the molecular properties considered to be fitted in terms of a set of "bare" electric tensor parameters for each bond, which are modified ("dressed") by intramolecular electrostatic interactions. The computed results of the ISM scheme, and of a corresponding interaction-free bond additivity model, are discussed in relation to the following: choice of geometric and bond parameters, quality of fit to experimentally determined molecular and bond properties, and predictive potential and general physical validity of the model. It is concluded that the ISM approach represents a substantial improvement over simple bond additivity as a basis for understanding molecular electric tensor properties.
I. INTRODUCTION
The interaction of a molecule with a uniform electric field E can for many purposes be described in terms of a variety of electric tensor properties: the permanent electric dipole moment /J., the polarizability tensor a, and hyperpolarizability tensors (3, y, . ... These properties appear as coefficients in an expansion in powers of E of the total electric dipole moment /J. (E) of the molecule in that field. For conceptual purposes, it is Simplest to regard E as time independent, in which case the coefficients are static in nature. However, experimental studies generally require that E be time dependent so that different contributions can be separated by Fourier analysiS of /J.(E); a variety of dynamic coefficients a, {3, y, •.. , dependent on field frequencies w, then emerge.
The task of correlating experimental observables containing tensor elements of /J., a, {3, and y for series of structurally related molecules has traditionally been based on models in which a molecule is viewed as a structure of segments or bonds, each characterized by a set of transferable electric tensor parameters. Such models serve to impose physically realistic constraints on the correlation of molecular observables, in the absence of ab initio calculations of adequate accuracy.
One such correlation scheme for molecular electric tensor properties is based on an interacting segment model (ISM), in which allowance is made for electrostatic interactions between adjacent segments of the molecule. This has been described in a previous publication 1 (hereafter referred to as I). In the ISM for a given molecular electric tensor property X, it is supposed that the ith segment of the molecule can be asSigned a "bare" tensor Xl loc.alized at a point (termed the "active center") in that segment. Dipolar electrostatic interactions with other segments in the molecule then modify Xi> to yield a "dressed" tensor Xi which can be used to construct the overall molecular tensor X by summing the Xi tensors for all segments i. The concepts associated with this model and its relationship to other correlation schemes, including the bond additivity approximation (BAA) in which interactions between segments are assumed negligible, have been discussed at length in L The results of preliminary computations, to correlate electric dipole moment 1 and hyperpolarizability2 data for a series of halogenated derivatives of methane, have also been reported. The present paper aims to extend these preliminary studies to a full-scale correlation of a wide variety of molecular electric tensor observables for the same series of molecules.
II. MOLECULAR OBSERVABLES
Molecular observables which involve elements of the electric tensor properties /J., a, {3, and yare available from a wide variety of experiments. 3 Some of the linear combinations of tensor components which appear as observables have been defined in Table VI of 1. 4 Those which are used in the treatment which follows are identified and further summarized below:
The permanent molecular electric dipole moment, taken to lie along (and to define) the molecular Z axis. The isotropic (scalar) part of the static (dc) polarizability tensor. The isotropic part of the optical polarizability tensor.
(a~z -a , and p are not necessarily independent, nor are they the only optical polarizability observables which may be available for a given molecule. For example, any molecule which has three-or higherfold rotational symmetry (e. g., C 3v molecules such as CHsX and CHX 3 ) must conform to the following relationship:
w ]2 = [(a~ -ar')/3a w )2 , (2) where subscripts II and 1 denote components parallel and perpendicular to the molecular (Z) axis, respectively. Equations (1) and (2) serve to limit the number of independent polarizability observables for a molecule with such symmetry to two [for example, a W and
However, for molecules with lower symmetry (e. g., C 2v molecules such as CH~2) these restrictions are not present, so that three independent polarizability observables [for example a W ,
and p) may be specified. Moreover, in favorable cases 5 • 6 additional information about the anisotropy of a W may be obtained in the form of a value of (a;x -a~y) from the distribution of intensity in the rotational Raman spectrum. Such information has recently become available for the molecule CH 2 F 2 . 7
It may be noted that there are two experimentally derivable !3-type observables (!3SHG and 13 K ), both of which transform as vectors, and four scalar y-type observables. As has previously been explained in I, the relative crudity of the approximations inherent in the ISM correlation scheme do not enable the subtleties of dispersion effects, which cause these 13-and y-type observables to differ, to be considered in our analysis. Therefore, despite the substantial differences which can occur (for example, between !3 SHG and 13 K or between yESHG and yK) we shall choose to extract a single pre- Attention should be drawn to the determinaiion 7 of (a;x -a yy ) for CH2F2 (see footnote y of Table I ). With regard to Table II , it should be remarked that preferred values of 13 and y for the halogenated methanes have without exception been based on results from ESHG experiments, 2.15 in view of the acknowledged 10 superiority of that technique.
In addition to electric tensor observables for a molecule as a whole, it is possible to obtain estimates of properties for individual segments or bonds. The sources of such data are threefold: ab initio theory, adapted to identify individual bond contributions, experimental results, based on symmetry-determined relationships between a molecular property and its bond contributions, and spectroscopic intensity data for infrared-or Raman-active molecular bending modes, with the assumption that a bond model provides an adequate description. Relevant data of these types are summarized in Table III . Although the data are not in general direct observables, they are believed to be of sufficient reliability to provide useful constraints on values of dressed bond properties in the present context. One issue which merits special comment relates to the determination of M(C-H). In addition to the values given in Table III , there exist a diversity of ab initio theoretical results 17 which range in magnitude up to -2 D and which are evenly divided as to the sense of polarization (C--H+ or C+ -If"). The positive sign 16 of the octopole moment of CH4 causes us to favor the former sense and to adopt the value: p.(C-H) =+O.30±O.06 D.
Finally, it is relevant to comment on the sense of the 
III. THEORY AND COMPUTATIONAL PROCEDURE
As proposed in I and outlined above, we consider each molecule as a well defined geometric arrangement of bonds. The electrical properties of an isolated bond are represented by a set of bare, point electric tensor properties which are taken to be concentrated at a specific location (the active center) in the bond. Bonds in a molecule interact electrostatically and their resulting dressed electrical properties determine the observed molecular properties. Our aim is to select a set of bare bond par;:tmeters which best reproduce a broad range of experimental data for the set of 12 halogenated methane molecules listed in Tables I and II . We now briefly review the relationship between dressed and bare electric tensors derived in I and then describe the process of selecting bare parameters to fit the experimental data.
We consider only the case of properties involving static electric fields, which offers simplicity in terms of the number and symmetry of the electric tensors. Quantities measured using optical fields are in general more accessible than static properties and are assumed to provide sufficiently accurate estimates of the static properties for our purpose. Expressions for molecular observables determined with optical fields are in principle far more complicated (and require more parameters) then those in the static limit, as was demonstrated in I.
The field-dependent electric dipole moment jJ. j(E) of the ith bond can be written either in terms of the applied electric field E and dressed bond tensors:
or in terms of the local electric field E j and bare bond tensors:
The relationship between local and applied fields iS 19 :
where T/J is given 20 by
in which ~J is the vector joining the active centers of bonds i and j and 1 is a unit matrix.
Combination of Eqs. (3) - (6) yields a set of equations for the dressed tensors. These equations appeared in I as Eqs. (10)- (13) and are repeated here in a form which emphasizes similarities between the various equations:
(8) (9) (10) (11) (12) (13) y> 2({3/ + 3y/ (T' ,1)/) (1 + (T· a)/)(T· ~)/ +y/(1 + (T' a)j)3 . (14) As in I, we have introduced the simplification of truncating the series expansions of Eqs. (3) and (4) after the terms involving Y or y. Experimental data on higherorder hyperpolarizabilities are, in any case, not available.
It may be noted that Eqs. (7)- (10) can be solved for the dressed tensors, as follows:
Yj =Q-I y : , (18) where schematically (i. e., omitting tensor suffixes and the sum over bonds implicit 19 in our < ) notation) the matrix Q is defined by
The computations based on the above equations consist of the following sequence: (i) Characterize molecular geometry in terms of the bond angles measured for each molecule and an average bond length R(C-X) for each bond type (see Table   N );
(ii) select factors j(C-X), such that the tensor properties of a given bond type are ascribed to an active center located at a distance of j(C-X) R(C-X) from the carbon nucleus, and thence calculate the TIJ matrices; (x) evaluate J3~ and ~i from Eqs. (13) and (17); (xi) evaluate Y~ and Y I from Eqs. (14) and (18); (xii) evaluate mOlecular observables using the dressed bond parameters calculated in steps (vii)-(xi) and the molecular geometry from step (i);
(xiii) perform a nonlinear least-square fit of calculated properties to the preferred values using (uncertainty of preferred value)-2 as a weighting factor, to yield improved values of the bare bond parameters; (xiv) repeat steps (iv)-(xiii) until the values of the bare bond parameters have stabilized.
With regard to the fitting procedure of step (xiii), it should be noted that it is necessary to compute the first derivative of each observable parameter with respect to each bare parameter; this task accounts for a substantial proportion of the processing time.
The calculations are simplified by judicious choice of coordinate systems and by noting that there are no more than two dissimilar bonds in anyone of the molecules considered. Equations (7) -(10) must include a sufficient number of dressed tensor components to determine the molecular observables and any additional components which interact with these. The dimensionalities so determined are:
The similarities between the jj. and ~ calculations and between the a and y calculations are apparent. It is interesting to note that the polarizability of part of an interacting system need not be symmetric unless so required by the local symmetry of that part.
Eight bare parameters are considered for each bond type, this being the full number appropriate to the C",v symmetry of the bare bond. For a given bond C-X, we assign an axis z which is taken to be the symmetry axis of the bare bond and to be directed out from the central C atom. A set of bare bond parameters is then defined as follows: (20) 
The above set of parameters is sufficient only in the static limit, where full spatial permutation symmetry holds. It should be reemphasized that our model is constructed in the static limit with experimental optical data accepted for input as an adequate approximation to static data.
It can be anticipated that not all of the above 24 bare bond parameters (eight for each of C-H, C-F, and c-cl) will be well determined by the set of molecular observables listed in Tables I and II Table III ) combines with the molecular data to ensure that all /.J. and a parameters are well determined in the model. However, only two of six bare f3 parameters and three of nine bare Y parameters are, in this sense, well determined by the fit and the details of these parameter values should be viewed in this context. The computer program includes the facility for clamping any parameter(s) to a predetermined value and this has proved useful in investigating the change in quality of fit as y parameters were restrained from going negative. Details are discussed in Sec. IV.
The computational procedures outlined above were performed on a PDP10/KA computer. The iterative calculation of M and Il' typically takes three cycles to come within 10-' D of the correct value. Four cycles of the overall fitting procedure are typically necessary to attain stable values of the bare parameters, this requiring about ten minutes of processing time. Starting values of bare parameters were chosen [see step (iii) of the procedure outlined above] either on the basis of bond additivity considerations or from a preceding fitting cycle. This choice does not materially affect the final outcome of the fit and there has been no evidence of multiple minima in the X 2 quality factor. Other conditions which vary from one computation to another will be indicated as those computations are discussed in the following section.
IV. RESULTS AND DISCUSSION
A variety of computations, based on the ISM and BAA schemes and applied to the 12 halogenated methane molecules of interest, have been performed. We describe and display the results of a particular ISM fit and then compare and contrast certain features of the other calculations. Each calculation is distinguished by three conditions which may vary from one calculation to another: choice of active center for each bond type, and hence scaling of the interaction contributions; selection of observable data to be included in the fit; and specification of those bare bond parameters which are free to vary.
In the central ISM calculation, the parameters j (C -X) which specify the active center have been chosen to be 1. 0 for all three bond types. This choice differs from that of I in the case of j(C-H), which was previously taken to be 0.5 on the basis of the early work of Smyth and McAlpine. 21 The larger value of j(C-H) = 1. 0 now adopted is necessary to avoid physically unacceptable divergences of the polarizability, in a manner previously characterized by Applequist et al. 22 Values of dressed bond properties M(C-X) and t.a (c-x) in the appropriate CX4 molecules have been selected from Table III as Tables I and II , provide 58 pieces of data for the nonlinear least-square fitting procedure used to refine the set of 24 bare bond parameters. Optimum final values of bare bond parameters generated by this central ISM fit are summarized in part A of Table V. Corresponding results for a parallel BAA computation are displayed in part B of Table V . This BAA fit is achieved by using the ISM program with thej(C-X) parameters set very large so that interactions are negligible. In the absence of interactions, it is meaningful to fit only a single f3 parameter and a single y parameter for each bond type, as indicated in Table V . Hence the BAA calculation fits 15 bare bond parameters to 58 observables.
It should not be inferred that the bare bond parameters determined by either BAA or ISM represent a unique or physically definitive set of values. They can be regarded, however, as a valid self-consistent set of bare bond parameters given the arbitrary choice of !(C-X) to locate the active centers, the preferred values of molecular and dressed bond observables used in the fit, the statistical weighting procedure, the truncation of the hyperpolarizability series, and the various conceptual approximations inherent in the model. With this caveat, we present also optimum values of dressed bond and molecular electric tensor properties obtained from the ISM fitting procedure. These are tabulated in the Ap-TABLE V. Electric tensor parameters for bare bonds, calculated from ISM (A) and BAA (B) fitting procedures. pendix to this paper and may provide a useful set of reference data for potential extensions of the ISM model into such areas as prediction of spectroscopic intensities or of intermolecular forces.
A graphical comparison of the experimental molecular observables with those calculated by the ISM and BAA procedures is presented in Figs. 1-6 . Figures 1 and 2 refer to the isotropic molecular observables (}'w and y, which are known l to vary from molecule to molecule in a manner consistent with the BAA model. It is apparent from Figs. 1 and 2 that the ISM scheme provides at least as good a fit to the (}'w and y data, despite the fact that interactions contribute appreciably. It follows that, although linear trends in isotropic properties such as (}'w and yare a necessary consequence of bond additivity, they are by no means sufficient evidence that interactions are negligible. For example, according to the ISM calculations (Table V and Appendix), only 56% of y for the CCl 4 molecule comes directly from the bare y parameters for the C-CI bond, the remainder arising from essentially nonadditive interaction contributions. The corresponding direct contributions to y for CH 4 and CF 4 are 20 and 173%. The direct contributions to (}'w for CCI 4 , CH 4 , and CF 4 amount to 92, 94, and 87%, respectively. It is doubtful that the finer details of the ISM fits portrayed in Figs. 1 and 2 for the CH"F4-<1 molecules are physically Significant.
The second pair of observables (Figs. 3 and 4) is jJ. and {3, each of which transforms as a vector. Here the ISM scheme is markedly superior to the BAA model in fitting the molecular data, particularly for {3. Even so, the electric dipole moment data for the CH"CI 4 _" molecules are not well represented by either model, constituting a problem which has resisted interpretation in terms of a bond model for almost 50 years. 21 It would appear that, even after electrostatic interactions between bonds have been taken into account, there remain other factors such as steric interference effects (only partially accounted for by using experimental bond angles) which degrade the transferability of the bond parameters. This problem apart, the inclusion of inductive effects by means of the ISM scheme enables the observed jJ. and (3 data to befitted adequately, again illustrating the Significance of interactions in determining molecular electric tensor properties. It should also be noted that the BAA model provides a much poorer fit, -0.16 (6) and dressed bond parameters derived from the ISM appear physically more reasonable than those from the BAA, to establish a preference for the former scheme. Of the bare bond parameters determined by the ISM and listed in part A of Table V shows that polarizability anisotropies AO!(C -X) from the ISM scheme are substantially smaller (by a factor of 3-5) than those from the BAA model, indicating that nonadditive contributions to molecular polarizability anisotropies are appreciable and accounting for irregular trends in molecular observables. 1 Analogous remarks have already been made in relation to the vector properties I./. and f3. A3; Aa(C-Cl) = 1. 74 As. The net standard deviation of this fit to the dressed bond parameters is about 2.5 times that for the central ISM calculation withj(C-X) = 1. 0, indicating that the longer-range ISM scheme yields less physically reasonable results. No attempt has been made to optimize the values ofj(C-X) but it is clear, from the foregOing longer-range calculation and from divergences in the polarizability which occur at shorter range (as mentioned above), that such an optimum would not depart markedly from the condition adopted in the central ISM calculation, namely, all !(C-X) = 1.0.
An additional ISM fit [with allj(C-X) = 1.0), from which the dressed bond parameters Aa(C-F) and Aa(C-Cl) were excluded, produced only a marginal change in X2 (20, compared to 18 for the central ISM calculation) and in the bare bond parameters. The resulting predicted values of unfitted dressed bond polarizability anisotropies are Aa(C-F) = o. 41 As and Aa(c-Cl) = 2. 03 AS, compared to the preferred values of 0.56(5) and 1. 89(20), respectively. It follows that bond polarizability anisotropies available from Raman intensity measurements (see Table III ) are relatively well determined by the ISM scheme, provided that one reference value of Aa(C-X) (in this case, that for C-H) is included in the fit; this demonstrates a close correlation between molecular polarizability data and Raman intensities.
The particularly detailed study7 of polarizability anisotropies for CH 2 F z provides a further test of the predictive capacity of the ISM approach. Because (O!~z -O!W) is very small, the anisotropy (O!xx -O!yy) is well determined in magnitude by the depolarization ratio p and less well determined in Sign by the rotational Raman spectrum (see footnote y of Table I ). The central ISM calculation is therefore constrained, through the fitting of p for CHzF 2' to reproduce I (O!xx -O!yy) I but the calculated sign of that quantity may be regarded as a prediction. The ISM prediction is (O!~x -O!yy) =+0.28 As, which is of the same sign as the preferred value (O!xx -O!yy) =+ 0.291(15) (see Table I , footnote y). Attempts to fit the ISM to a negative value of (O!xx -O!yy) yielded a very large value of )(2 and confirmed that the ISM-predicted positive sign is Significant.
The only available molecular hyperpolarizability ob- esu. The value predicted for CH 4 is much larger than the experimental value.
The usefulness of models such as ISM depends in part on the shortcomings of alternative, more rigorous approaches to molecular electric tensor properties. The current state of the art in ab initio calculations yields reliable values of electric dipole moment and electronic contributions to the polarizability for small molecules, particularly diatomics and polyatomic hydrides of firstrow elements. However, the treatment of large molecules and of hyperpolarizabilities (even of small molecules) remains an area of theoretical and computational development in which agreement between theory and experiment is erratic and open to improvement. For example, within the last decade a number of coupled Hartree-Fock (CHF) calculations, some incorporating configuration interaction, have yielded the following results for the CH 4 molecule: O!°/As = 1. 85,25 2.53,28 2.42,26 2.24,27 compared with an experimental value (see Table I f3, and y for the HF molecule have yielded substantial agreement to within 20%; unfortUnately, this and most other diatomic hydrides are inaccessible to the majority of accurate experimental techniques. It is realistic to expect that the prospect of ab initio calculations of comparable quality for the full range of molecules and prop-erties considered in this paper is, at best, remote. Bond models of the type presented in this paper serve to avoid the above mismatch of feasible theory and practical experiment and offer the only practical and generally applicable means for correlating and interpreting electric tensor properties for polyatomic molecules of moderate size.
Our ISM scheme is one of a number of models which have been devised in recent years to correlate molecular electric tensor properties by taking account of electrostatic interactions within the molecule. Notable in this regard are the atom dipole interaction models (ADIM) developed by Applequist et al. 22.3D and Sundberg 31 to treat molecular polarizability and hyperpolarizabilities. Extensions of the ADIM have been made into Raman scattering, 32 optical activity, 33 and various other optical effects in relatively complex molecules.
3D • 34
The ISM scheme represents the molecule as an assembly of bonds with associated electric tensor properties, rather than taking the inherently simpler but structurally less realistic approach of regarding molecules as an assembly of polarizable, isotropic atoms, as in the ADIM method and the early work of Silberstein. 35 Both models have their advantages, but the more elaborate ISM scheme would appear to be more physically realistic in treating simple molecules such as the halogenated methanes.
V. CONCLUSIONS
It is inherent in a model such as ISM that the full :quantum mechanical rigor of the ab initio approach is sacrificed in the interest of simplicity and intuitive appeal. For example, steric congestion is only partially accounted for in ISM by the use of experimental bond angles, and the discrepancy in fitting /J. for CHCl 3 may be attributable to this omission. Even in the context of a classical electrostatic interaction model, we have not striven for full generality. This is evidenced by restriction to dipole interactions, localization of the active center, and termination of the hyperpolarizability contributions at y. The goal has been the Simplest possible model offering a fit to observed /J., a, f3, and y data for the halcgenated methanes which should be generally adequate and substantially improved with respect to the fit offered by BAA. We claim a good measure of success in pursuit of this goal.
There are a number of details of this implementation of ISM which while defensible are not unique: data selection, ignoring the frequency dependence of molecular properties, weighting of the fit, and choice of active center location. Consequently the bare and dressed bond parameters so derived are neither unique nor definitive but rather constitute a set of phySically reasonable and self-consistent parameters which adequately represent the molecular properties considered and which might usefully be extended to calculations of spectroscopic quantities and of intermolecular forces.
A most important consideration in determining the performance of ISM is the degree to which bare parameters are determined directly by fitting to data rather than by interactions only or by deviations from tetrahedral geometry (see discussion in Sec. III). If one bond aa and one bond fL are included in the data, all /J. and a parameters are directly determined while only five of 15 f3 and y parameters are directly determined.
Several features of the results can be understood in this context: the fit is insensitive to clamping several bare y parameters to zero; the model is able to make good predictions for aa and (a~x -ah) but not for f3
Termination of the hyperpolarizability series at y may also contribute to the reduced reliability of ISM for predicting hyperpolarizabilities. It is to be expected that bare and dressed bond parameters will be more reliable in the case of /J. and a than for f3 and y.
At the outset of this project (see I), it was well established that the molecular observables /J., f3, p, and (a~z -a W ) fail to conform to an interaction-free bond additivity model and hence that an ISM-style approach would be necessary in correlating the observables with a set of bond properties. In the case of the isotropic variables a W (or aD) and y, however, it was known that trends from one molecule to another were sufficiently linear to be well represented by simple BAA relationships. The success of BAA, here, has sometimes been interpreted as evidence that interbond electrostatic interactions in general are negligible in spite of simple arguments to the contrary. 1 We have demonstrated that a continues to be well fitted when interactions are included in the model but that interactions conspire to make a small (typically 10%) contribution. This situation is largely a consequence of the fact that the polarizability anisotropy aa(C-X) of a given bond is typically much smaller than the isotropic part a(C-X); it then follows from a Silberstein-type 35 model that the leading interaction-dependent contributions to the isotropic molecular polarizability involve aa(C-X), rather than a(c-x), and are therefore small. y also continues to be well fitted in ISM and similar arguments can be applied to this case. y differs from a, however, in that ISM results indicate a large interaction contribution. It is possible that this detailed feature of the y calculation is an artifact associated with the small fraction of bare bond y's which are directly determined (see previous discussion).
Whatever the degree of success of ISM, and we believe this to be substantial, it should be pOinted out that the calculations reported here represent a far more extensive implementation and testing of such a model than has previously been attempted. They therefore serve to demonstrate the scope, limitations, and advantages of the interacting bond model approach.
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APPENDIX: ISM CALCULATIONS OF DRESSED BOND AND MOLECULAR ELECTRIC TENSOR PROPERTIES
In this Appendix we present the detailed results of the central ISM calculation, carried out under the following conditions: all f(C-X) = 1. 0; preferred values of the 54 molecular observables (11-, a, p, a zz -a, {3, y) and four bond observables [,l(C-H) The parameters Y n are similarly related to Cartesian components Y rs ",,' where the repeated suffixes imply a summation over a=x, y, and z.
